We find a new structural transition in Pb 2 MnReO 6 at 410 K. Above this temperature, Pb 2 MnReO 6 is cubic with disordered and dynamic atomic displacements manifested in the large thermal parameters of Pb and O atoms. Below 410 K, the antiferrodistortive shift of 2/3 of Pb 2+ cations away from the highsymmetry cubic site produces a new type of monoclinic cell. The unit cell expands at the transition and the heat capacity shows a peak with thermal hysteresis. These features agree with a first order transition.
Introduction.
Materials which integrate magnetic and electric orderings are of great interest since they show not only intriguing physical properties 1 but they are also attractive for technological applications. [2] [3] The most useful attribute is the coupling between electric and magnetic properties which gives rise to the magnetoelectric effect. This effect has been found recently in several oxides with perovskite-like structures. [1] [2] [3] [4] [5] [6] The perovskite oxide, ABO 3 , has space group Pm 3 m with a 12-fold coordinated large cation (A) and an octahedrally coordinated smaller cation (B). The solid solution of type AB 1-x B' x O 3 is commonly found for these compounds. However, if the B and B' cations differ in oxidation state or in size or in both, then the B-site cations are very likely to order in a rock-salt pattern. Consequently, the new phase is described by the formula A 2 BB'O 6 for x=0.5 and is denoted as double perovskite (also elpasolite). [7] [8] [9] Ferro-and antiferromagnetic B-B' couplings are usually observed in these compounds and in some cases, even with a non-magnetic B element. 10 A current research activity in the field of double perovskites is motivated by the finding that the stereochemical activity of the 6s 2 lone pair could favour the coupling between ferroelectricity and magnetism. Such mechanism might take place in Bi 3+ and Pb 2+ double perovskites with magnetic interactions between B and B' cations. The above strategy has mainly been used for Bi-based compounds. 6, 11 However, Pb 2 BB'O 6 compounds have been known for a long time. [12] [13] [14] In these compounds, the Pb usually adopts distorted environments which arises from displacements of Pb ions out from the centre of the oxygen coordination polyhedra. The displacements may occur along either the
[100] cubic direction as reported for Pb 2 CoWO 6 and Pb 2 MnWO 6 double perovskites 15, 16 or the [111] cubic direction as in the Pb 2 ScSbO 6 compound. 17 In most cases, reported studies focused on electrical properties of samples with non-magnetic B-cations. Here, we report results of a study on Pb 2 MnReO 6 , where both Mn and Re have unpaired d electrons and the superexchange rules predict a ferrimagnetic ground state. Indeed, a magnetic transition was found below 100 K but, surprisingly, no distortive displacements of the Pb-cation have been reported in an earlier work. 18 The crystal structure at room temperature has been refined as a monoclinic double perovskite (space group P2 1 /n) arising from cooperative tilts of the BO 6 octahedra. Apparently, the stereochemical activity of the 6s 2 lone pair in Pb 2+ has been quenched for this compound.
In the course of our search for double-perovskites with enhanced multiferroic properties, we have depicted the para-antiferroelectric phase transition in Pb 2 MnWO 6 which occurs at 423 K. 16, 19 This compound also undergoes a structural phase transition at the same temperature. 16 The high temperature phase is cubic and transforms into an orthorhombic structure with collinear antiferroelectric displacements of Pb 2+ cations. These atoms have a distorted first coordination shell. EXAFS spectroscopy reveals a similar local disorder around Pb atoms for both cubic and orthorhombic phases. 19 Hence, dynamic disordered distortions exist in the cubic phase, which freeze in an ordered pattern below 423 K, and the transition can be classified as an order-disorder type. We expected that the replacement of W by Re would affect the magnetic properties of the system but we did not suspect that this substitution will deeply modify the local structure for Pb
2+
.
A likely coupling between magnetism and crystal structure motivated us to carry out a careful characterization of the crystallographic, electrical and magnetic properties of Pb 2 MnReO 6 . It is noteworthy that the stoichiometry of this compound is highly dependent on the synthetic conditions.
The perovskite structure can only be obtained at relatively low temperature. At higher temperatures, a competitive pyrochlore phase is formed. 18 We successfully synthesized the perovskite phase with a full Mn-Re ordering at the octahedral sites for the first time. We found that this system undergoes a structural phase transition above room temperature, similarly to Pb 2 MnWO 6 . Our results show a new type of monoclinic cell at room temperature. This monoclinic structure actually shows antiferroelectric movements of some Pb atoms in a way not previously observed in any other double perovskite.
Electrical and magnetic properties reasonably agree with the ones previously reported. 18 Slight differences might be ascribed to the different synthetic route used in the present work that allowed us to prepare a sample free of antisite defects. The reported structural phase transition is accompanied by an anomaly in the resistivity curve. A ferrimagnetic ordering of Mn and Re atoms in a mixed valence state is also observed below 85 K. 18 We have observed that the perovskite phase is formed faster (kinetically controlled product) than the pyrochlore phase (thermodynamically controlled product) and the direct synthesis at higher temperature with shorter reaction times also yields a pure perovskite phase. The temperature limit is around 725ºC. Above this limit, significant amount of pyrochlore phase is formed while below this temperature the reaction time is also important because long reaction times favour the appearing and growing of the pyrochlore phase. The use of ReO 6 and MnCO 3 precursors, with the appropriate cationic valences, also seems to favour the kinetic control of the chemical reaction.
The increase in the temperature reaction improves the Re-Mn ordering as occurs in related double perovskites. 20 The resulting pellet was black with a high electrical resistivity. The sample was characterized by xray powder diffraction using a Rigaku D-Max system.
Step-scanned patterns were measured between 10º and 130º (in steps of 0.03º) at room temperature. The x-ray system was working at 40 kV and 100 mA with a counting rate of 4 sec.step −1 . We used a graphite monochromator to select the Cu K α radiation. The medium and low temperature chamber manufactured by Rigaku was coupled to the goniometer to measure patterns between 123 and 523 K. In this case, the angle range was between 10º
and 120º with the same step. The crystal structures were refined by the Rietveld method using the Fullprof package program. 21 Differential scanning calorimetry (DSC) was measured using a DSC Q-20 from TA-Instruments with samples sealed in aluminium pans under a nitrogen atmosphere. The scanning rate was 10 Kmin -1 .
Magnetic measurements were performed between 5 and 300 K in a commercial Quantum Design superconducting quantum interference device (SQUID) magnetometer. Resistivity measurements were carried out using the standard six-probe AC method in the temperature range between 80 and 500 K. An electromagnet, which provides magnetic fields up to 1 T, was used to test the magnetoresistance properties.
Results and discussion
3.1. Structure. Our crystallographic study reveals that Pb 2 MnReO 6 undergoes a structural phase transition upon heating above room temperature, which resembles the one observed in the Pb 2 MnWO 6 system. 16 Figure 1 shows the x-ray diffraction pattern collected at 523 K. This measurement confirmed that our sample was almost single phase with only a tiny impurity (0.9% in weight) identified as a pyrochlore phase with a similar chemical composition. The secondary phase was included in the refinement using the structural data reported previously. 18 At 523 K, Pb 2 MnReO 6 adopts the ordered cubic perovskite structure with the space group Fm 3 m. The Rietveld refinement confirms a full Mn-Re ordering without significant presence of antisite defects (i.e. Mn-Re substitution disorder). This is an important difference with the previous study on Pb 2 MnReO 6 where 15% of antisite disorder was found. 18 The difference might come from the higher synthesis temperature used in the present study as it is indicated in the experimental section. Upon decreasing the temperature, two changes occur in the x-ray diffraction patterns below 390 K, as can be observed in Fig. 2 . One is the peak splitting that develops in many of the strong diffraction lines.
The second change is the appearing of a number of new superstructure peaks as is shown in the inset of In order to explore the possible atomic displacements able to give the mentioned triple monoclinic cell, we have used the ISODISPLACE tool. 26 This software allows us to explore structural phase transitions by generating atomic displacement patterns corresponding to irreducible representations of the parent space-group symmetry. Accordingly, we have used the cubic double perovskite structure (high temperature phase) as the parent compound and we have searched over arbitrary k-points of the first Brillouin zone in order to obtain the mentioned 'triple' monoclinic cell or related ones. A detailed inspection of the active modes for the different solutions revealed that the main superstructure peaks arise from the condensation of a Σ 2 mode at the (2/3, 2/3, 0) k-point. Three solutions were retained as the most plausible candidates and they are summarized in table 4. Among these solutions, the C-centred lattice implies the least amount of active modes and, therefore, fewer parameters to be refined. In order to test it, we have used the AMPLIMODES program 27 The crystal structure of Pb 2 MnReO 6 at room temperature is a new type of monoclinic structure that has not been reported, up to the best of our knowledge, in the field of double perovskites. In this structure, the crystallographic site of Pb, Mn, and Re atoms is split into two non-equivalent sites with a ratio of 2 to 1. The oxygen has 8 non-equivalent sites in the C2/m cell. Such crystal structure can be understood as arising from the conventional cubic structure of a double perovskite by the combined condensation of two modes of atomic displacement, Γ 4 + and Σ 2 . The first one is associated to the antiphase tilts of BO 6 octahedra about the y-direction in the monoclinic cell (or about the unique axis). However, it is quite close to the entropy change observed in the structural transition of Pb 2 MgTeO 6 (∼0.3R) which was ascribed to the presence of structural disorder in the low temperature phase. 29 In our case, large temperature factor has been refined for Pb1 at room temperature (see table 3) suggesting that dynamic disorder is still present for this crystallographic site.
Electrical properties.
The electrical resistivity was measured from 500 down to 80 K. Below this temperature, the resistivity was to high to be measured reliably. The Pb 2 MnReO 6 system is semiconducting in the temperature range studied (Fig. 5) . It shows an anomaly in the curve slope at the structural transition temperature which is clearly seen in the plot of Lnρ vs. 1/T exhibited in the inset of Attempts of characterizing the dielectric permittivity at the structural transition were unsuccessful due to the high electronic conductivity of the sample. The electrical resistivity measured at 300 and 400 K was ~2 and ~0.27 Ω.cm, respectively. Therefore, possible anomalies in the dielectric constant were masked by the high conductivity of the material. Consequently, an ordering of electric dipoles at the transition cannot be excluded.
Magnetic properties.
The temperature dependence of the dc magnetization was measured using zero-field-cooling (ZFC) and field-cooling (FC) conditions at two applied magnetic fields as can be seen in the Fig. 6 . At 500 Oe, the ZFC curve shows a peak at 40 K and a divergence between FC and ZFC curves begins at 77 K. These features strongly depend on the magnetic field strength. At 5 kOe, the maximum in the ZFC curve is observed at 20 K and the magnetic irreversibility starts at 47 K. In both cases, the FC curves behave as expected for a ferri-or ferromagnetic transition.
The ac magnetic susceptibility (χ ac ) shows a broad maximum at 51 K whose intensity depends on the frequency of the alternating field (see inset of Fig. 6 ). There is no significant shift of the magnetic peak in the frequency range studied (17-999 Hz). Both properties, magnetic irreversibility in dc magnetization and dynamical ac susceptibility, are usually ascribed to the formation of magnetic clusters with no long range magnetic ordering. However, double perovskites showing long-range order exhibit similar properties that were explained as arising from vibrations of domain-wall within a pinning potential produced by local anisotropy. 30 Neutron diffraction is therefore needed to elucidate this point.
χ ac clearly does not obey a Curie law below 100 K but the χ ac -1 vs T plot (Fig. 7) 31 Therefore, significant spin-orbit coupling is found in Re ions and the angular moment is not quenched for this 5d-ion in the system studied. Fig. 8 shows magnetic loops at selected temperatures. Ferromagnetic contribution is observed at 85 K whereas the sample behaves as a conventional paramagnet at 95 K. Upon cooling, both the spontaneous magnetization and the coercive field increase. The hysteresis cycle at 5 K does not reach magnetic saturation at 5 T. In order to check it, magnetic loops were measured at 5 K in a Quantum Design ppms system using magnetic fields up to 9 T but the saturation is not achieved even at this field as can be seen in the additional information. Absence of magnetic saturation, under an applied field as high as 30 T, was found for several Re-based double perovskites. [32] [33] This property was ascribed to the existence of large disorder at the grain boundary regions which are magnetically harder than the grain core. The hysteresis loops provides more interesting information. The initial magnetization curves are in agreement with a pinning-type magnet 34 which may be related to the irreversibility effects observed in the Fig. 6 . This is not surprising because this is a ceramic material with grain boundaries and, furthermore, defects such as vacancies or dislocations are likely to occur. The loop at 5 K exhibits a remanence of 0.79 μ B /f.u. This remanence decreases with the temperature. The temperature dependence is not linear but it follows a sigmoid-like function (inset A of Fig. 8 ). The most striking point is the anomalous temperature dependence for the coercive field H C (T). The temperature coefficient is negative in the whole temperature range but a strong increase of the coercive field is observed below 25 K (inset B of Fig. 8 ). The presence of defects could explain the large coercive fields but it is very unlikely that a sudden change in the pinning forces would occur with decreasing the temperature. Therefore, this anomaly can be attributed to an abrupt increase of the magnetocrystalline anisotropy. The structural transition is associated with an anomaly in the thermal expansion of the unit cell due to a significant difference between the volumes of the high and low temperature phases. The variation of lattice constants is anisotropic because on warming, the monoclinic a-axis shrinks at the transition temperature whereas the b-axis expands. The entropy content for the transition is smaller than the one expected for an order-disorder transition indicating the presence of significant disorder in the low temperature phase. The phase transition is also accompanied by anomalies in the electrical resistivity related to an increase of the activation energy upon cooling the sample.
Conclusions
The magnetic measurements reveal the presence of ferrimagnetic interactions at low temperatures.
However, the observed irreversibility in the magnetization curves and dynamic behaviour of the ac susceptibility could be as well due to magnetic inhomogeneities with the presence of either spin-glass region or a reentrant transition. Domain wall pinning effects in long range ferrimagnetic systems could also account for these properties. Neutron diffraction experiments are therefore desirable to clarify this subject.
A sharp increase of the coercive field in the hysteresis loops reveals an abrupt change in the magnetocrystalline anisotropy whose origin might be associated to structural changes in the ferrimagnetic phase. The sample does not achieve magnetic saturation at 9 T and at 5 K but the paramagnetic region follows a Curie-Weiss law. Both the effective paramagnetic moments and the magnetization at 9 T do not fit to Mn 2+ and Re 6+ valences for the B-sublattice. Our result point out to a mixed valence character (Mn 2+δ and Re 6-δ ; δ~0.5), also supported by the refined bond lengths obtained in the structural study.
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